Six murine plasma cell hybridomas producing monoclonal antibodies (mabs) directed against the 39,000-molecular-weight (39K) major outer membrane protein of Haemophilus influenzae type b were employed in the antigenic analysis of the 39K protein. The initial characterization of the mabs by radioimmunoprecipitation analysis showed that four of these mabs reacted with antigenic determinants of the 39K protein that are exposed on the bacterial cell surface and accessible to antibody. The other two mabs reacted with antigenic determinants of the 39K protein that are either not exposed on the H. influenzae type b cell surface or not accessible to antibody (internal determinants). A total of 126 clinical isolates of H. influenzae type b obtained from pediatric research centers throughout the United States were examined for reactivity with the six mabs by using a solid-phase radioimmunoassay in which bacterial colony growth from agar plates was placed on filter paper and used as antigen. The reactivities of these strains with two of the mabs recognizing cell surface-exposed antigenic determinants of the 39K protein were used to divide the 126 strains into four different groups. Group 1 strains reacted with mab 12D9, group 2 strains reacted with mab 4C4, group 3 strains reacted with both mabs 12D9 and 4C4, and group 4 strains (only one was found) did not react with either mab. The reactivities of two other mabs recognizing cell surface-exposed antigenic determinants of the 39K protein were used to further divide the four groups into eight subgroups. A single mab recognizing an internal antigenic determinant of the 39K protein reacted with every H. influenzae type b strain examined in this study. These data indicate that only limited antigenic heterogeneity exists among the cell surface-exposed antigenic determinants of the 39K outer membrane proteins among H. influenzae type b strains and that at least one internal antigenic determinant of the 39K protein is universally present in all H. influenzae type b strains. Radioimmunoprecipitation analysis also demonstrated that H. influenzae type b strains which lacked a 39K major outer membrane protein possessed a 38K major outer membrane protein which reacted with the anti-39K mabs, indicating that the 38K and 39K outer membrane proteins of different H. influenzae type b strains are antigenically related.
Six murine plasma cell hybridomas producing monoclonal antibodies (mabs) directed against the 39,000-molecular-weight (39K) major outer membrane protein of Haemophilus influenzae type b were employed in the antigenic analysis of the 39K protein. The initial characterization of the mabs by radioimmunoprecipitation analysis showed that four of these mabs reacted with antigenic determinants of the 39K protein that are exposed on the bacterial cell surface and accessible to antibody. The other two mabs reacted with antigenic determinants of the 39K protein that are either not exposed on the H. influenzae type b cell surface or not accessible to antibody (internal determinants). A total of 126 clinical isolates of H. influenzae type b obtained from pediatric research centers throughout the United States were examined for reactivity with the six mabs by using a solid-phase radioimmunoassay in which bacterial colony growth from agar plates was placed on filter paper and used as antigen. The reactivities of these strains with two of the mabs recognizing cell surface-exposed antigenic determinants of the 39K protein were used to divide the 126 strains into four different groups. Group 1 strains reacted with mab 12D9, group 2 strains reacted with mab 4C4, group 3 strains reacted with both mabs 12D9 and 4C4, and group 4 strains (only one was found) did not react with either mab. The reactivities of two other mabs recognizing cell surface-exposed antigenic determinants of the 39K protein were used to further divide the four groups into eight subgroups. A single mab recognizing an internal antigenic determinant of the 39K protein reacted with every H. influenzae type b strain examined in this study. These data indicate that only limited antigenic heterogeneity exists among the cell surface-exposed antigenic determinants of the 39K outer membrane proteins among H. influenzae type b strains and that at least one internal antigenic determinant of the 39K protein is universally present in all H. influenzae type b strains. Radioimmunoprecipitation analysis also demonstrated that H. influenzae type b strains which lacked a 39K major outer membrane protein possessed a 38K major outer membrane protein which reacted with the anti-39K mabs, indicating that the 38K and 39K outer membrane proteins of different H. influenzae type b strains are antigenically related.
Haemophilus influenzae type b is the leading cause of endemic bacterial meningitis in infants and young children in the United States (4) . The polysaccharide capsule of this pathogen is composed of polyribosylribitol-phosphate and has been shown to be a necessary virulence factor for the production of disease (5, 20, 27) . Furthermore, antibodies against the capsule have been shown to protect against systemic H. influenzae type b disease (6, 21, 28) . However, a vaccine composed of the purified capsular polysaccharide is incapable of inducing the production of protective antibodies in that population at greatest risk for H. influenzae type b disease, namely, infants under 14 months of age (19) . This lack of immunogenicity of the purified capsular polysaccharide in infants has resulted in two different approaches to identify alternative vaccine candidates: (i) increasing the immunogenicity of the capsular polysaccharide by covalently coupling it to protein carrier molecules (2, 23) and (ii) identifying noncapsular somatic antigens which have potential for vaccine development (7, 8, 10, 11, 18 (11) and adult (9) rats. The latter study also included the finding that several of these outer membrane proteins are exposed on the cell surface of H. influenzae type b and accessible to antibody in this state. Subsequently, we showed that human infants convalescing from H. influenzae type b meningitis produced antibodies against cell surface-exposed outer membrane proteins of this pathogen (8) . The production in this laboratory of monoclonal antibodies (mabs) directed against H. influenzae type b outer membrane proteins permitted a more precise examination of the potential of these proteins for vaccine development (22) . A mab directed against a cell surface-exposed antigenic determinant of the 39,000-molecular-weight (39K) major outer membrane protein was shown to protect infant rats against experimental H. influenizae type b infection and was also able to eradicate established systemic H. infliuenzae type b disease (bacteremia) in these infant mammals (12 (22) . The selection and growth of the resultant hybridomas were accom-VOL. 42, 1983 518 GULIG, FRISCH, AND HANSEN plished as described elsewhere (22) . Hybridomas producing mabs directed against outer membrane antigens of the immunizing H. influenzae type b strain were identified by an enzyme-linked immunosorbent assay procedure (22) . Culture supernatants from hybrid clones which scored as positive in the enzyme-linked immunosorbent assay were tested by a radioimmunoprecipitation (RIP) method for the presence of mabs directed against the 39K outer membrane protein as described elsewhere (22) . The identification of those mabs directed against cell surface-exposed antigenic determinants of the 39K outer membrane protein was accomplished by published methods, as was the identification of antibody isotype (22) .
RIP methods. The presolubilized (PS) RIP system used for detecting antibodies directed against both internal and cell surface-exposed antigenic determinants of H. influenzae type b outer membrane proteins has been described in detail elsewhere (8) . The PS RIP system was also utilized in conjunction with antibody adsorption experiments designed to investigate the cell surface exposure of selected antigenic determinants of the 39K outer membrane protein. Hybridoma culture supernatants (500 u.l) containing mabs were adsorbed twice at 4°C for 1.5 h with washed, packed cells from 10 ml of an overnight broth culture of the appropriate H. influenzae type b strain. The adsorbed hybridoma culture supernatants were then assayed for the presence or absence of mabs by means of the PS RIP system. SDS-PAGE and autoradiography. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of both protein samples and immune precipitates and autoradiography of the resultant gels were performed as described elsewhere (11) .
Colony blot-RIA. The colony blot-radioimmunoassay (RIA) employed for the rapid screening of H. influenzae type b strains for the expression of an antigenic determinant recognized by an individual mab was a modification of the method developed by Hen- ning et al. (14) . H. influenzae type b strains were grown overnight on BHIs agar plates, and a small amount of colony material from each strain was transferred onto filter paper (Whatman no. 40) with wooden applicator sticks. The filter paper was then dried at 37°C for 1 h. All of the following operations were performed at 4°C with a gentle rocking motion unless otherwise specified. The filter paper was soaked in blotting buffer (BB; phosphate-buffered saline [pH 7.2] containing 1% [vol/vol] normal rabbit serum, 1 mM sodium iodide, and 0.02% [wt/vol] sodium azide) for 1 h to block nonspecific protein-binding sites. The filter paper was next soaked for 2 h in 20 ml of a 10% (vol/ vol) solution of hybridoma culture supernatant in BB. During this incubation period, antibodies specific for antigens present in the bacterial colony paste attach to their respective antigens. Unattached mabs were then removed from the filter paper by four consecutive 30-min washes with 20 ml of BB. Mabs specifically bound to the H. influenzae type b colony material on the filter paper were detected by incubating the filter paper overnight in 20 ml of BB containing 106 cpm of affinitypurified rabbit anti-mouse immunoglobulin (specific activity, 2 x 107 cpm/i.g protein) which had been radioiodinated by the chloramine-T method (16 (Fig. 1 ). These two mabs were shown to be directed against cell surface-exposed antigenic determinant(s) of this protein, as evidenced by the complete adsorption of antibody activity from these two hybridoma culture supernatants by whole cells of strain DL26. Mabs 4C4, 5G8, and 11E4 reacted with the 39K outer membrane proteins from both strains DL42 and DL43, but not with the 39K protein from strain DL26 (Fig.  1) . Mabs 4C4 and 5G8 were shown to be directed against cell surface-exposed determinant(s) of the 39K outer membrane proteins in strains DL42 and DL43. Mab 11E4, which was not adsorbed by whole cells of either strain DL42 or DL43, was apparently directed against an antigenic determinant of the 39K outer membrane protein that is not exposed on the cell surface or is otherwise inaccessible to antibody on whole cells. Finally, mab 2F4 reacted with all three H. influenzae type b strains and, like mab 11E4, was shown to be directed against an antigenic determinant of the 39K outer membrane protein that is not exposed on the cell surface of these strains or is otherwise inaccessible to antibody on whole cells (Fig. 1) . Therefore, we will refer to the antigenic determinants recognized by mabs 2F4 and 11E4 as internal antigenic determinants to distinguish them from the cell surface-exposed antigenic determinants recognized by mabs 6A2, 12D9, 4C4, and 5G8. These data are summarized in Table 1 .
Strain distribution of selected antigenic determinants of the 39K outer membrane protein. The identification of protein antigenic determinants which are common to, or cross-reactive with, most or all H. influenzae type b strains is fundamental to the selection of potential vaccine candidates from the cell surface-exposed proteins present in the outer membrane of this organism. The strain distribution of the antigenic determinants recognized by the six anti-39K mabs described above was determined by the use of the colony blot-RIA, together with 126 disease isolates of H. influenzae type b collected Mabs 6A2 and 12D9 were raised against strain DL26, and the strains reacting with mab 6A2 were a subset of those which reacted with mab 12D9. Mabs 5G8, 4C4, and 11E4 were raised against strain DL42. The strains recognized by mab 5G8 were a subset of those reacting with mab 4C4. Mab 11E4, which recognizes an internal antigenic determinant of the 39K outer membrane protein in this strain, had a reactivity pattern virtually identical to that exhibited by mab 4C4, which recognizes a cell surface-exposed antigenic determinant of this protein.
Using the reactivities of these H. influenzae type b strains with the other two mabs that recognize cell surface-exposed antigenic determinants of the 39K outer membrane protein (mabs 6A2 and 5G8), we could further divide the four groups into smaller subgroups ( Table 2) . Group 1 was divided into subgroup la, which reacted with both mabs 12D9 and 6A2, and subgroup lb, which reacted with only mab 12D9. Group 2 was similarly divided into subgroup 2a, which reacted with mabs 4C4 and 5G8, and subgroup 2b, which reacted with only mab 4C4. Because group 3 strains reacted with both mabs 12D9 and 4C4, its subgroup classification scheme is somewhat more complicated. Subgroup 3a strains reacted with all four mabs recognizing cell surface-exposed antigenic determinants of the 39K outer membrane protein (12D9, 4C4, 6A2, and 5G8). Subgroup 3b strains lack reactivity with mab 6A2, whereas subgroup 3c strains lack reactivity with mab 5G8, and Finally, mab 2F4, which was raised against strain DL43 and is also directed against an internal antigenic determinant of the 39K outer membrane protein of this strain, reacted with every H. influenzae type b strain tested in this study (Fig. 2) . Similarly, mab 16C2, which has been described previously and recognizes an internal determinant of the 37K outer membrane protein of H. influenzae type b strain DL26 (21) , also reacted with all 126 strains examined with the colony blot-RIA (data not shown). Molecular (Fig. 3) (Fig. 4) . Of the strains examined with the SDS extraction procedure, 68.6% possessed a 39K major outer membrane protein, whereas 31.4% possessed a 38K major outer membrane protein.
All of the group 1 strains examined for major outer membrane protein content possessed a 39K protein (Table 3) . In fact, when 27 of the 47 strains which reacted with mab 12D9 from groups 1 and 3 were examined for outer membrane protein content, only two strains from group 3 were shown to possess 38K proteins. However, 54.8% of group 2 strains possessed 39K proteins, whereas 45.2% possessed 38K proteins. The single group 4 strain, which does not react with mabs specific for cell surfaceexposed antigenic determinants, possessed a 38K major outer membrane protein (Table 3) .
DISCUSSION
Interest in the antigenic characteristics of H. influenzae type b outer membrane proteins has been stimulated by recent work which established that antibody directed against an outer membrane protein of this organism can protect against systemic H. influenzae type b disease in experimental animals (12) . One criterion which the 39K outer membrane protein must fulfill to be considered as a vaccine candidate is that this protein must be common to, or antigenically cross-reactive with, most or all strains of H. influenzae type b. Analysis of the antigenic composition of the 39K outer membrane protein among many H. influenzae type b strains necessitated the use of murine mabs which were specific for this protein and nonreactive with other antigenic components of this organism. The utility of mabs in the antigenic classification of microorganisms has been recently demonstrated by other workers, using such diverse organisms as Neisseria gonorrhoeae (25) and Chlamydia trachomatis (24) .
Six different mabs directed against the 39K outer membrane protein were selected for use in this study. Mabs 6A2, 12D9, 4C4, and 5G8 recognize different cell surface-exposed antigenic determinants of the 39K outer membrane protein present in the immunizing strains of H. influenzae type b (Fig. 1, Table 1 ). Mabs 11E4 and 2F4 react with antigenic determinants of this protein that are not accessible to these antibodies on intact bacteria. These latter internal antigenic determinants may actually be buried within the outer membrane, or they may be exposed on the cell surface in such a way as to be inaccessible to their corresponding mabs due to steric hindrance by other cell surface macromolecules (e.g., proteins or lipopolysaccharide).
The solubilization of whole H. influenzae type b cells in a detergent-EDTA solution permitted mabs 11E4 and 2F4 to react readily with the 39K outer membrane protein (Fig. 1) . The fact that these mabs recognizing internal antigenic determinants reacted in the colony blot-RIA indicates that either the colony material contains a significant number of lysed cells or that drying the bacterial growth on the filter pads results in membrane disruption.
The use of the colony blot-RIA facilitated the rapid screening of 126 H. influenzae type b strains for their reactivities with this panel of six different mabs. In view of the importance for vaccine development of identifying antigenically common or cross-reactive call surface-exposed proteins, the primary emphasis for classification purposes was placed on the reactivity of each strain with those mabs directed against cell surface-exposed antigenic determinants of the 39K outer membrane protein. Accordingly, this large number of H. influenzae type b strains collected from pediatric research centers throughout the country was divided into four basic groups based on the reactivity of each strain with mabs 12D9 and 4C4 (Table 2) . Groupgroup 4 strains, of which there was only one, reacted with neither of these mabs. Further subdivision of groups 1, 2, and 3 was accomplished by examining the reactivities of the members of each group with mabs 6A2 and 5G8. A total of eight different subgroups was identified in this manner.
We also found that 68.6% of the H. influenzae type b strains studied possessed 39K major outer membrane proteins, whereas 31.4% possessed 38K major outer membrane proteins. These data confirm previous observations on the variable molecular weight of this particular major outer membrane protein among different strains of this pathogen (17) . Although no definite relationships were found between the molecular weight of the 38K/39K outer membrane protein and mab reactivity, one consistent finding was that none of the group 1 strains examined in our study possessed 38K proteins. In addition, preliminary results from this laboratory indicate that there is no strict correlation between the outer membrane protein subtyping scheme developed by Barenkamp et al. (3) and our antigenic grouping system. However, the use of the protein subtyping scheme in conjunction with these 39K protein-specific mabs may yield a very effective epidemiological classification system with increased sensitivity and specificity. A limitation to the use of mabs in antigenic analysis is that only the antigenic determinants defined by the mabs can be analyzed, as opposed to those antigenic determinants recognized by conventional antisera, which may possess antibody activity against a more varied spectrum of antigenic determinants on a protein molecule. Therefore, the antigenic characterization presented in this report may represent the minimum degree of cross-reactivity between 39K proteins, because other antigenic determinants of the 39K outer membrane protein may exist that are cell surface exposed and more highly cross-reactive among H. influenzae type b strains than those defined by mabs 12D9 and 4C4. However, this is probably not the case, because essentially all of 30 different mabs derived from five different hybridization experiments that were characterized as reacting with cell surface-exposed antigenic determinants of the 39K outer membrane proteins of strains DL26 and DL42 had reactivity patterns identical to those of mabs 12D9, 6A2, 4C4, or 5G8 in preliminary experiments (data not shown).
The limited heterogeneity of cell surface-exposed antigenic determinants on the 39K outer membrane protein demonstrated in this report reinforces the validity of evaluating this protein as a vaccine candidate. Mab 4C4, characterized as recognizing a cell surface-exposed antigenic determinant on its homologous H. influenzae type b strain (DL42), reacted with 85.7% of the 126 strains tested in this study. Mab 12D9, which also was characterized as recognizing a cell surface-exposed antigenic determinant of the 39K outer membrane protein in a different strain (DL26), reacted with 37.3% of the strains tested. Only one strain was found not to react with either of these two cell surface-reactive mabs. These data indicate that a purified 39K protein(s) from one strain belonging to group 3 that possesses antigenic determinants which react with both of these mabs could possibly be sufficient to induce protective humoral immunity against essentially all H. influenzae type b strains.
That there appear to be two major sets of cell surface-exposed antigenic determinants on the 39K outer membrane protein (group 1 strains versus group 2 strains) and the fact that these two antigenic sets can be expressed simultaneously by group 3 strains raise an important question: are the group 1 and group 2 antigenic determinants in the group 3 strains expressed on the same molecule or on two different molecules? This question is currently under investigation by both immunochemical and genetic techniques.
Finally, it appears that at least one internal antigenic determinant of the 39K protein is highly conserved, because mab 2F4, which recognizes an internal antigenic determinant of this protein, is reactive with all H. influenzae type b strains examined to date. Whether the antigenic determinants defined by mab 2F4 and the other mabs used in this study cross-react with other H. influenzae serotypes or with other Haemophilus species is currently under investigation. It is of interest to note that a recent report of antigenic cross-reactivity between other non-39K outer membrane proteins of different H. influenzae type b strains was based on data derived from experimental techniques which did not differentiate between antibodies directed against internal antigenic determinants and antibodies specific for cell surface-exposed antigenic determinants of the same outer membrane protein (18) . That internal segments of bacterial outer membrane proteins may be highly conserved within a given species has been indicated by peptide mapping studies involving outer membrane proteins of both Neisseria gonorrhoeae (13) and Neisseria meningitidis (26) . Similarly, the high degree of antigenic crossreactivity reported to exist among outer membrane proteins of the enteric bacteria may be due to shared internal antigenic determinants of these proteins (15) . It 
